The CanX-7 Automatic Dependent Surveillance-Broadcast (ADS-B) nanosatellite mission collected more than four million ADS-B messages between October 2016 and April 2017. An analysis of data collected over the north Atlantic Ocean from 05 to 28 Oct included 20,707 position messages in which the angle from satellite nadir to aircraft was determined. The proximity of the received signal strength to the noise floor of the sensor allowed for an analysis of optimal aircraft-satellite orientation for ADS-B transmission detection. The results showed a significant disparity between descending and ascending passes of the satellite. For descending passes, the average nadir angle was 50.1˚ with 90% of the contacts greater than 40˚. The ascending passes had an average nadir angle of 31.6˚ with only 24.8% of the contacts exceeding 40˚. The evidence suggests that the satellite magnetic torquer may not have been fully aligned with the north magnetic pole as the satellite moved northward, resulting in ascending pass nadir angles that were not reflective of the full range of values. Further analysis of the descending passes showed agreement with an ADS-B signal propagation model with peak reception at nadir angles of 51˚ ± 8˚. For space-based ADS-B operations, the results support the replacement of the current aircraft upper quarter-wave monopole to an antenna that will transmit more energy directly above the airframe.
Positioning craft's position, which is transmitted along with aircraft identification, velocity, and status in a coded message. The 120-bit ADS-B message is broadcast at random intervals between 0.4 and 0.6 seconds to mitigate signal collisions between aircraft. The use of GPS positioning and the frequent update cycle allow surveillance information that is more accurate and timelier than conventional surveillance radars. Signal power ranges between 75 and 500 W depending on aircraft category with the vertically polarized signal alternating between top-and bottom-mounted quarter-wave monopole antennas [1] .
The detection of ADS-B transmissions from space will allow air traffic monitoring around the globe, a significant increase from the current 30% global coverage, which shall enhance safety of flight [2] . Precise positioning provided by space-based ADS-B will allow more economical routing of air traffic in remote and oceanic airspace by reducing the required spacing between transiting aircraft, which will lessen both fuel costs and greenhouse emissions. The dawn of space-based air traffic control has begun with the launch of the Iridium NEXT constellation between 2017 and 2019, consisting of 75 satellites (66 operational and 9 spares) in low Earth orbit equipped with ADS-B receivers. In April 2019 the system was put into trial use over the North Atlantic, which is the busiest oceanic airspace in the world with over 50,000 flights per year [2] . The constellation is expected to provide worldwide tracking of ADS-B equipped aircraft in the next few years.
The first demonstration of the reception of ADS-B signals from near space was carried out by the Royal Military College of Canada (RMC) in 2009 with the Flying Laboratory for the Observation of ADS-B Transmissions (FLOAT), a high altitude balloon mission that tracked aircraft from stratospheric altitudes [3] [4] . The success of the initial FLOAT mission led to further research of ADS-B signal propagation, including the determination of electron content in the ionosphere as a function of Faraday rotation [5] [6] [7] and in-depth analysis of ADS-B transmissions from aircraft to satellite [8] [9] [10] [11] . RMC also developed an ADS-B payload designed to fly on a CubeSat platform [12] that was integrated onto CanX-7, a 3U (10 × 10 × 34 cm) nanosatellite built and operated by the University of Toronto Institute of Aerospace Studies-Space Flight Laboratory. CanX-7 was launched into a 690 km sun-synchronous orbit on September 2016 and collected ADS-B data for seven months prior to deploying a drag sail in May 2017. During the mission, the payload received approximately 4.3 million ADS-B messages ( Figure 1 ). As a result of the magnetic torquer attitude control system, which aligns the satellite with the Earth's magnetic field, CanX-7 could only point the ADS-B antenna downward in one hemisphere during an orbit. As a result, all signals were collected in the Northern Hemisphere, except for November when the polarity of the magnetic torquer was reversed for one month.
A preliminary analysis of the CanX-7 mission [13] indicated that an ADS-B signal propagation model [10] was consistent with the satellite data. This paper gives a detailed analysis of ADS-B signal propagation from aircraft to satellite.
The results indicate that ADS-B transmissions are strongest at high off-nadir angles as a result of the aircraft antenna radiation pattern. This is significant for nadir pointing ADS-B receivers, implying that the aircraft quarter-wave monopole is not ideal for space applications. Section 2 of this paper describes methods used for the analysis, Section 3 contains the results and Section 4 gives a summary and conclusion.
Methods
Data collection and analysis presented in this section represent a rare description of observed space-based ADS-B propagation. The CubeSat pointing mechanism resulted in findings that differed depending on the direction of travel of the satellite.
Data Collection
The period of observation for this analysis extends from 05 October to 28 Octo- Europe through the eastern portion of the AO. Table 1 contains a summary of data collection statistics.
Data Analysis
The power of the signal received by the satellite (P r ) is described in Equation (1),
where P t is transmitted power, G t is transmitter gain, G r is receiver gain, L a represents atmospheric losses, λ is the wavelength of the ADS-B signal, and d is the distance between the aircraft and satellite. Table 2 summarizes the values of the variables in Equation (1) too weak for detection and may be ignored [11] . The radiation pattern of the upper antenna is modified by aircraft structures, resulting in the highest gain observed at lower elevation angles [10] . Figure 3 shows that the modeled received power occurs at 51˚ ± 8˚ measured from the satellite nadir to the aircraft. Figure 3 . Modelled ADS-B received signal strength for CanX-7 in relation to degrees from satellite nadir for a 500 W transmitter and a typical aircraft radiation pattern [10] . The strongest signal occurs at a nadir angle of 51˚ ± 8˚, which is the angle measured from the aircraft nadir to the aircraft.
Since larger nadir angles mean greater distance to the aircraft, this implies that transmitter gain is highest in this region. While the satellite receiver pattern is relatively constant over a large area, the gain is greatest within 30˚ of the bore- The north-northwest bias is a function of the satellite magnetic torquer attitude control system. The ascending pass pattern is notably less ordered than the descending pass, which may be a function of fewer data points or an issue with the magnetic torquer as the satellite moves northward.
the spacecraft on descending passes [15] . For this study, 95.8% of the received signals were close to the receiver MDS with an RSSI less than 40. Low RSSI values commonly showed high variability between consecutive messages originating from the same aircraft, suggesting potential inaccuracies for these values. and boresight angles are also markedly different for the two types of passes ( Figure 9 ). There is a significant number of contacts that have boresight angles less than the nadir angle (58.2%), while 98.2% of the descending pass contacts exhibit nadir angles greater than the boresight angle with a strong peak centered at 24˚.
Results

Ascending/Descending Pass Disparities
The peak of descending pass nadir angles centered at approximately 55˚ (Figure 7(a) ) can be explained in terms of the signal propagation model and the observed averages for nadir and boresight angles. Figure 10 shows There is a fundamental difference in the observed nadir angles for descending and ascending passes. Although there are 55% less data points for the ascending passes, there is enough to produce a trend that should mirror the descending passes. A comparison between descending and ascending pass for the same airframe ( Figure 11 ) produced dissimilar results that reflected the trend observed in Figure 7 with lower nadir angles observed on the ascending pass. Given that the payload performance is constant, a potential difference between the two passes is the behavior of the magnetic torquer. For descending passes the satellite is close to the north magnetic pole before entering the AO, which should produce a stable platform. For ascending passes the satellite approaches from the equator where the Earth's magnetic field is weaker and parallel to the surface. As the satellite moves northward the satellite slews toward the north magnetic pole.
There is evidence in the dataset that suggests the satellite boresight is not always R. Vincent, K. Freitag DOI: 10.4236/pos.2019.101001 10 Positioning Figure 9 . A comparison of nadir minus boresight angles is shown for descending and ascending passes. Ascending passes are more variable with an overall negative value, while descending passes are 98.2% positive with a strong peak between 20˚ and 30˚. Figure 10 . A schematic is shown for a descending pass to illustrate the distribution of nadir angles observed in Figure 7 (a). The strongest signal direction relative to satellite nadir as predicted by propagation model is indicated in blue. The CanX-7 radiation pattern is shown in light red (±30˚ beam) with the boresight aligned with the north magnetic pole. The CanX-7 radiation pattern and the preferred signal direction must line up for contact. Only the aircraft highlighted in red is in contact. Aircraft to the right in the diagram will be detected as CanX-7 moves southward. Contact closer to nadir can occur, but the schematic describes the dominant trend in the data.
aligned with the north magnetic pole during the northward transit through the AO.
1) Re-creations of passes with STK shows contact a significant distance behind the satellite as it approaches the AO from the south, implying that the satellite is not aligned with the magnetic field. The detection behind the behind the satellite as it moved northward was also observed at times within the AO as shown in Figure 11 . The minimum and maximum nadir angle is shown for ten identical airframes for ascending and descending passes. The data suggests that the satellite is behaving differently for the two passes. Figure 12 . A schematic is shown for an ascending pass. If the boresight is pointing closer to nadir than predicted, then contacts with nadir angles related to the strongest signal direction will not be in the ±30˚ beam of the ADS-B receiver. The significantly reduced range to aircraft, particularly along the boresight, may allow weaker signals to be detected that would otherwise be missed with a more inclined boresight. An oscillating boresight could give a variety of different nadir angles as observed in Figure 7(b) .
2) The extreme range of boresight angles (Figure 8) suggests an inaccuracy in the modeled alignment since the receiver gain is reduced by up to 3 dB at the outer edges of the beam.
3) For ascending passes the average boresight and nadir angle are almost equal, which should result in a greater number of low nadir angles than seen in Since all nadir angles are based on known quantities and assumed to be correct, the evidence suggests that the satellite is pointing closer to nadir than pre- square of the distance between the satellite and aircraft (Equation (1)). Figure 12 shows a scenario in which the satellite is pointing closer to nadir than predicted by the IGRF. In this case the strongest signal direction does not fall within the ±30˚ beam, which would explain the lack of contacts for nadir angles greater than 50˚. The reduced range to aircraft, particularly along the boresight which has the highest gain, would allow the ADS-B payload to receive signals from a range of smaller nadir angles. An oscillating boresight may produce a variety of nadir angles as seen Figure 7(b) .
Although the RSSI value of a single message was considered potentially unreliable, the global statistics revealed a strong trend of weaker signals for the ascending passes when compared to descending passes (Figure 13 ). This supports the concept that the ADS-B receiver was not ideally oriented to receive the modeled strongest signals at nadir angles 51˚ ± 8˚. Additionally, there was close correlation between received and calculated (Equation (1)) signal strength for descending passes, which was not evident for ascending passes. The reduced correlation between observed and calculated signal power for the ascending pass could be attributed to a pointing inaccuracy.
Descending Pass Analysis
Further analysis was carried out on the descending pass to determine if aircraft with many consecutive messages influenced the prominent peak observed in the data in Figure 7(a) . The minimum and maximum nadir angle was recorded for 1,096 different contacts, which included 173 single-message occurrences ( Figure   14 ). The results showed an average minimum to maximum nadir angle range of 47.9˚ to 55.2˚, with single-message contacts averaging 53.5˚. The overall nadir Figure 13 . RSSI values for descending and ascending passes are shown. The weaker signals observed for the ascending passes could be attributable to the strongest signals not being detected due to the orientation of the satellite as shown in Figure 12 . 
Summary and Conclusions
An analysis of CanX-7 ADS-B position data collected over the Gander and Shanwick OCAs revealed a disparity in the distribution of nadir angles between descending and ascending passes of the satellite. For descending passes, the average nadir angle was 50.2˚ with over 90% of the contacts exhibiting nadir angles in excess of 40˚. The abundance of large nadir angles is in keeping with the ADS-B signal propagation model in which the strongest signals are predicted to be at nadir angles ranging from 43˚ to 59˚. With respect to the CanX-7 ADS-B Figure 15 . Message density per square kilometer in 5˚ bins based on minimum and maximum nadir angle is compared to the signal propagation model shown in Figure 3 .
There is a good correlation between observation and the model. payload this is relevant since the received signals were close the minimum detection threshold of the sensor. In contrast, the ascending passes averaged 31.6˚ for nadir angles and showed a broader distribution than seen in the descending pass data. The evidence suggests that the satellite magnetic torquer was not always aligned with the north magnetic pole as it approached from the south and transited through the AO, resulting in ascending pass nadir angles that were not ref- antenna for space applications, one that is more omnidirectional than the current quarter wave monopole.
